Regioselective ring opening of aliphatic and aromatic epoxides with nitrogen heterocycles such as indoles and imidazoles was accelerated using an ultrasonic technique as a green approach. An optimized procedure with the catalyst of choice, MCM-41, represents a real alternative to the conventional reaction protocols owing to the catalyst recyclability, simplicity, green conditions and time-saving aspects.
Introduction
In recent years, ultrasound irradiation has been demonstrated as an alternative energy source for organic and inorganic reactions ordinarily accomplished by heating (1) . Particularly in organic chemistry, there is a growing demand for designing efficient and eco-safe synthetic under ultrasound irradiation (2) (3) (4) . Compared with traditional methods, the notable features of the ultrasound approach are rapidity and formation of pure products in high reaction yields, easier manipulation, energy conservation and waste minimization (5, 6) .
MCM-41, one member of the M41S family, possesses a regular hexagonal array of uniform pore openings with a broad spectrum of pore diameters between 15 and 100 Å (7). The mesoporous structure can be controlled by a sophisticated choice of templates such as surfactants and changing reaction parameters such as temperature and compositions. This heterogeneous solid acid catalyst has shown versatile usage and widely applied in the synthesis of various chemicals due to their well-defined micro-structure which forms the basis of uniform active sites and well-controlled steric effects, high acid strength, hydrophilic and hydrophobic properties and reusability that make them promising candidates for catalytic applications (8, 9) . Therefore, several derivatives of MCM-41 including Mn(bpdo) 2 Cl 2 /MCM-41 (10), Mn-MCM-41 (11, 12) , Cr-MCM-41 (13) and Al-MCM-41 (14) have been prepared and utilized to catalyze various reactions.
Indoles and imidazoles alkylated especially 3-alkylindoles are a key structural motif in many biologically active compounds (15, 16) as well as in many natural products (17) . For example, soraphinol A (18) and actinopolymorphol B (19) are known as protein farnesyl transferase inhibitors that have anticancer properties (Figure 1 ).
Due to the nucleophilic nature of indoles and imidazoles and versatile usage of these compounds in medicine and biochemistry, various methods have been developed for alkylation of these compounds (20, 21 (29) , activated silica (30) and high-pressure conditions (31) . While such methods have expedited alkylation of nitrogen heterocycles, they showed varying grades of success as well as limitations such as prolonged reaction times, low yields, use of toxic solvents and expensive catalysts. Consequently, there is scope for further work toward the development of an inexpensive, cleaner, eco-friendly procedure that takes a short reaction time.
As a consequence of our interest in the synthesis of organic compounds accelerated by ultrasound (4, 32) and to develop an environmentally benign synthesis in chemical research (9, (33) (34) (35) , we investigated an efficient and green method in alkylation of nitrogen heterocycles under ultrasound irradiation. The objective of this article is to report the details of alkylation of indoles and imidazoles with epoxides to prepare alcohols using catalytic amount of mesoporous MCM-41 (Scheme 1).
Result and discussion
At the onset of our work, different mesoporous materials including Mn(bpdo) 2 Cl 2 /MCM-41, Mn-MCM-41, Cr-MCM-41, Al-MCM-41 and MCM-41 were screened for their ability to catalyze the ring opening of epoxides with nitrogen heterocycles under ultrasound irradiation in solvent-free conditions. Treatment of indole 1a with styrene oxide 1b was selected as a model reaction. The presence of complex of Mn(bpdo) 2 Cl 2 in the channels of MCM-41 led to a decrease in the silanol groups of MCM-41 and active sites in the surface of catalyst and decreased the yield of the reaction (Table 1, entry 7) . On the other hand, introducing chromium and manganese ions into the MCM-41 surface led to reduce surface area of catalysts and as shown in Table 1 , these catalysts afforded the desired products only in moderate yields ( Table 1 , entries 5 and 6). The higher catalytic activity of Al-MCM-41 is attributed to the presence of acidic sites arising from the AlO 4 tetrahedral units in the framework (14) and the desired product 3a could be obtained in isolated yields of 64% (Table 1 , entry 4). However, MCM-41 could efficiently catalyze the ring opening reaction of epoxides to afford the desired products in higher yields and relatively shorter reaction time (Table 1 , entry 3). Using different dosage of MCM-41 indicated that the highest yield (80%) could be obtained with 0.05 g. Therefore, the use of just 0.05 g of MCM-41 was chosen as a quantity of the catalyst to push the reaction forward with a maximum yield of the product.
In this study, a comparison between conventional and ultrasound conditions for the ring opening of styrene oxide 1b with indole 1a in the presence of MCM-41 was investigated. As shown in Table 2 , the synthesis of 3a under ultrasound irradiation was more efficient in terms of yield and reaction time.
In another experiment, the reaction of 1a and 1b was used as the model system to evaluate the suitability of solvent-free conditions for this reaction. The reaction was also performed in various solvents including ethanol, chloroform, acetonitrile, toluene, water and solvent-free conditions for comparison purposes. The results are summarized in Table 3 . It is noteworthy mentioning that in comparison with organic solvents, solvent-free conditions under ultrasonic irradiation was found to give the best results (Table 3 , entry 3). These conditions can have substantial effects in realizing the goals of green chemistry.
To evaluate the scope of catalyst's application, various structurally different epoxides were tested with substituted indoles under the optimized conditions and the results are presented in Table 3 . The reactions proceeded smoothly to afford the corresponding products in good yields with high regioselectivity. Aryl epoxides (Table 4 , entries 3a, 3d, 3e and 3f) underwent cleavage by indoles with favored attack at the benzylic position of the aromatic oxiranes, resulting in the formation of primary alcohols. the steric effect predominated over electronic effect in aliphatic oxiranes. In general, aliphatic epoxides were not suitable substrates for our reaction conditions, giving indolyl alcohols in low isolated yields and with small regiocontrol. Indoles bearing electron-donating groups provided higher reaction rates, afforded the alcohols in moderate to good yields. On the other hand, the presence of electron-withdrawing groups on the indole significantly decreased the rate of the reaction and a low yield of product was obtained even after prolonged reaction time.
In addition, we also investigated the possibility of applying this method to the synthesis of alkylated imidazoles. Thus, the reaction of imidazoles with aromatic and aliphatic epoxides afforded the corresponding imidazoles derivatives in good yields (Table 4 , entries 3i, 3j and 3k). Imidazole, with a pK a of 7.1, is a very much stronger base and nucleophile than indole, consequently imidazoles can be alkylated on nitrogen easily. Ring opening occurred exclusively at the less hindered carbon of the epoxide that carry out with S N 2-type attack by imidazole nitrogen.
Conclusion
A green and expeditious ultrasound irradiation-assisted method for the regioselective ring opening of epoxides using MCM-41-based catalyst has been developed. Enhanced yield and rate of the reaction was achieved by using MCM-41 catalyst with ultrasound and the method was applied to the differently substituted nitrogen heterocycles with epoxides. Such novel developed method offers high yield, simple and waste-free chemical process for the ring opening of epoxides.
Experimental
All the chemicals were purchased from Merck Company. All products are known compounds and were characterized by mp, IR, 
Typical procedure for alkylation of nitrogen heterocycles with epoxides
Typical stirring method A mixture of indole (1 mmol) and styrene oxide (3 mmol) and MCM-41 (0.05 g) were stirred at room temperature (method A) and 50°C (method B) for the appropriate period of time. The progress of the reaction was monitored by TLC. After completion of the reaction, the crude was diluted with ethanol (10 mL), the catalyst was removed by filtration and the filtrate dried with MgSO 4 , and evaporated to give the product. Further purification was achieved by silica gel chromatography using ethyl acetate/petroleum ether as eluent to afford pure products.
Ultrasound irradiation
To a mixture of indole or imidazole (1 mmol) and epoxide (3 mmol), MCM-41 (0.05 g) was added, and the mixture was sonicated in a sonic bath under ultrasound irradiation maintained at 50°C for the appropriate period of time. The progress of the reaction was monitored by TLC. After completion of the reaction, the crude was diluted with ethanol (10 mL), the catalyst was removed by filtration and the filtrate dried with MgSO 4 , and evaporated to give the product. Further purification was achieved by silica-gel chromatography using ethyl acetate/petroleum ether as eluent to afford pure products.
Compound 3c: 1-(1H-indol-3-yl)-3-phenoxypropan-2-ol. IR (KBr): 3435, 3306, 3034, 2945, 1592, 1459, 1328, 
Catalyst preparation
MCM-41 was prepared according to the procedure described previously (36) . In all, 1.8 g of SiO 2 was added to a solution prepared by dissolving 0.6 g of NaOH in 25 mL of water. The resultant mixture was stirred for 3 h, and then 1.9 g of cetyltrimethyl ammonium bromide (CTABr) in 20 mL of water was added to this solution and stirred for one more hour. The molar composition of the initial gel mixture was 1.0:7. Table 5 shows the general characteristic of catalyst including Brunauer-Emmett-Teller (BET) surface area, unit cell, d-spacing value, pore size and wall thickness. As shown in Figure 2 , the catalyst exhibits a typical behavior of a uniform mesoporous materials with three distinct stages in the isotherms. The initial increase in the nitrogen uptake at low relative pressure could be ascribed to monolayer absorption on the pore walls. However, a sharper step at P/P 0 ∼0.35 indicates the capillary condensation in the mesopore and the increase at high relative pressure could be associated with multilayer adsorption on the external surface of the catalyst.
Reusability of MCM-41
The recovery and reusability of the catalyst, which are very important for industrial purposes and is highly recommended for green processes, were also explored in the model reaction under ultrasonic irradiation. At the end of the reaction, the catalyst could be recovered by a simple filtration, washed with methanol, dried in a vacuum at 70°C overnight and subjected to a second run of the reaction process. In Figure 3 , the comparison of efficiency of MCM-41 in synthesis of 3a after five times is reported. As shown, the first reaction using recovered MCM-41 afforded a similar yield to that obtained in the first run. In the second, third, fourth and fifth runs, the yields were gradually decreased.
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